We present a new model of radiative neutrino mass generation wherein TeV scale leptoguark scalars induce tiny neutrino masses as two-loop radiative corrections. The neutrino oscillation parameter sin 2 θ 13 is predicted to be close to the current experimental limit within the model. Rare lepton flavor violating processes mediated by leptoquarks have an interesting pattern: µ → eγ may be suppressed, while µ → 3e and µ − e conversion in nuclei are within reach of the next generation experiments. New CP violating contributions to B s −B s mixing via leptoquark box diagrams are in a range that can explain the recently reported discrepancy with the standard model. D − s → ℓ − ν decays mediated by leptoquarks brings theory and experiment closer, removing an observed 2σ anomaly. Muon g − 2 receives new positive contributions, which can resolve the discrepancy between theory and experiment. The leptoquarks of the model are accessible to the LHC, and their decay branching ratios probe neutrino oscillation parameters. *
Introduction
It has now been firmly established that neutrinos have tiny masses and that oscillation occurs between different flavors. The standard paradigm that explains the small masses is the seesaw mechanism [1] , which generates an effective dimension-5 operator O 1 = (LLHH)/M, suppressed by the mass scale M of the heavy right-handed neutrino. Oscillation data suggests that in this scenario M ∼ 10 14 , which is well beyond the reach of foreseeable experiments for direct scrutiny.
One has to rely on other indirect hints, such as charged lepton flavor violation in a supersymmetric context, in order to falsify this theory. An interesting alternative to the high scale seesaw mechanism is to induce small neutrino masses at the loop level. The smallness of neutrino masses can be understood as originating from loop and chirality suppression factors. The simplest among this class of models is the Zee model [3] where neutrino masses are induced as one-loop radiative corrections arising from the exchange of charged scalar bosons. The effective operator in this model is LLLe c H/M. To convert this to neutrino mass, a loop diagram is necessary. 1 In a second class of models, neutrino masses arise as two-loop radiative corrections via the exchange of singly and doubly charged scalars [5, 6] . The effective operator of these models is LLLe c Le c /M 2 . This model is compatible with neutrino oscillation data. Phenomenology of these models has been studied in Ref. [7] . A classification of low dimensional effective ∆L = 2 lepton number violating operators that can lead to neutrino masses has been given in Ref. [8] . Among these is an operator labeled O 8 :
where α, β are SU(2) L indices, with the family indices suppressed. It is the purpose of this paper to develop a renormalizable model that generates O 8 . We will show that such a model can be consistently constructed, with a variety of testable predictions. Operator O 8 is most directly induced by the exchange of scalar leptoquarks. 2 For neutrino mass generation the two quark fields and the charged lepton field in O 8 will have to be removed, which implies that the masses arise at the two-loop level. The order of magnitude of the induced neutrino masses is
where µ is a dimensionful coefficient of a cubic scalar coupling, and v = 174 GeV is the electroweak vacuum expectation value (VEV). In order to generate m ν ∼ 0.05 eV, it is clear that M LQ must be of order TeV, which would be within reach of the LHC.
TeV scale leptoquarks can mediate a variety of flavor changing processes. We have examined these constraints and found the neutrino mass generation to be self-consistent. Our findings include several interesting features: (i) µ → eγ may be suppressed, because of a GIM-like cancelation, but µ → 3e and µ − e conversion nuclei are within reach of the next generation of experiments. (ii) There is a new CP violating contribution mediated by leptoquark box diagrams in B s −B s mixing, which can nicely fit the recently reported dimuon anomaly by the DØ collaboration. (iii) The 2σ discrepancy between theory and experiment in the leptonic decay of D ± s mesons can be explained in the model, owing to new contributions from the leptoquarks. (iv) Muon g − 2 receives new positive contributions which can resolve the theoretical anomaly there. (v) Neutrino oscillation parameters can be probed in the branching ratios of the leptoquarks. (vi) The leptoquark masses are constrained to be less than a few TeV, which should make them accessible to the LHC. This paper is organized as follows. In Section 2 we discuss the model leading to two-loop neutrino mass generation and obtain the constraints placed on the oscillation parameters. The constraints from rare processes such as µ − → e − γ and µ − → e + e − e − are presented in Section 3.
In Sec. 4 we discuss the collider signals of leptoquarks, and in Sec. 5 we conclude.
Model of two-loop neutrino mass generation
In this section we present our model of two-loop neutrino mass generation, and derive restrictions on the model parameters from neutrino oscillation data. Constraints from rare processes, discussed in Sec. 3, will be used to demonstrate the viability of the model and its predictions for neutrino oscillations.
Model
The gauge symmetry of our model is the same as the standard model (SM), SU(3) c × SU(2) L × U(1) Y . In addition to the SM Higgs doublet H(1, 2, 1/2), the scalar sector consists of the following leptoquark multiplets:
In general, addition of leptoquarks into the theory can cause baryon number (B) violating interactions, we forbid them by assuming that B is globally conserved. The leptoquarks have the following Yukawa interactions:
Here i, j = 1 − 3 are family indices and α, β are SU (2 
The simultaneous presence of Eqs. (4) and (5) would imply that neutrino masses will be generated at the loop level, as they lead to to the effective dimension 7 operator (Ld c )(u c e c )H [8] , once the heavy leptoquark fields are integrated out. The Lagrangian relevant for neutrino mass generation in component form is
Once the neutral component of the SM Higgs doublet acquires a vacuum expectation value (VEV) v = 174 GeV, the cubic term in the scalar potential will generate mixing between ω −1/3 and χ −1/3 leptoquarks, with a mass matrix given by
The parameter µ can be made real by redefining the leptoquark fields. We diagonalize this matrix to obtain the leptoquark mass eigenstates through
where c θ = cos θ, s θ = sin θ with the angle θ given by tan 2θ = 2µv
The squared masses of X
are given by
with
3 The couplings F ′ ij of course do not mediate rapid proton decay, however, their simultaneous presence with the couplings of Eq. (4) would lead to severe restrictions on F ′ ij , since the successful V − A structure of the SM will then be drastically altered [11] . Although not essential, we prefer to set these F ′ ij couplings to zero by L symmetry. 
Two-loop neutrino mass diagrams
Since lepton number violation occurs only when all three terms of Eq. (6) are simultaneously present, neutrino masses are generated in the model only at the two-loop level. The relevant diagrams, which involve the exchange of leptoquarks and a W ± boson, are shown in Fig. 1 . We have evaluated these diagrams in the Feynman gauge. In this gauge, the unphysical charged Higgs boson exchange has to be kept. Interestingly, this set of charged Higgs diagrams add up to zero for the neutrino mass. The underlying reason for this result is that in the SM, both the up-type quark masses and the down-type quark masses are generated from the same Higgs doublet. Consequently the charged Higgs boson Yukawa couplings to the up-type quark has a relative minus sign compared to its Yukawa couplings to the down-type quarks, as given in the interaction Lagrangian
Here V is the CKM matrix, and M u and M d are the diagonal mass matrices for the up and down quarks. When combined with Fig. 1b , this relative minus sign implies zero net contribution to the neutrino mass from the charged Higgs boson exchange. In Fig. 1b , the vertex u top quark inside the loop obtained numerically is shown in Fig. 2 as a function of M 1,2 . Here we have taken the running top quark mass m t (µ = 1 TeV) = 150 GeV. It will turn out that I jk3 will enter into the dominant source for neutrino masses. We now proceed to write down the neutrino mass matrix explicitly. First note that if the integral I jkl in Eq. (12) is flavor universal (as happens in the asymptotic limit as given in Eq. (16)), or if I jk3 is the only dominant contribution, M ν can be written as
whereÎ is the flavor universal value of I jkl . Now, this equation can be expanded in power series in light fermion masses. Combining constraints from flavor changing processes, we find, to an extremely good approximation, that the neutrino mass matrix is given by mµ mτ
Here we have used the following definition of parameters:
As expected, the leading contributions are proportional to m t m b m τ , see the definition ofm 0 in Eq. (14) . We shall consider the case w ≪ 1 for the most part of our analysis, but we shall also examine the special case where w ≫ 1, which will be realized when the coupling F 33 takes anomalously small value and the leptoquark mass is less than about 500 GeV.
The zero in the (1,1) entry of Eq. (18) is highly suppressed. We find, using the lowest non-vanishing contribution from Eq. (17) for this entry to be (17) is that, although it may not be obvious from its form, M ν has nearly zero determinant when w ≪ 1. This would imply that one of the neutrinos is essentially massless in the model for most of the parameter space. This can be seen by observing that only the top quark mass, and not the c and u quark masses, has entered into M ν when w is set to zero. In this case, each of the two terms in Eq. (17) has rank one, and the sum of the two terms has rank two, leaving the determinant to be zero. The first non-zero entry to the determinant in our expansion is found to be
Again, with |x| ∼ m τ /m µ ∼ 16, |y| ∼ 1, and w ≪ 1 (or equivalently Y 32 F * 32 ≪ 10 4 Y 33 F * 33 ), the determinant will be much less than (0.01 eV) 3 and thus m 1 ≃ 0 to a high degree of accuracy.
Note that F * 33 cannot be less than 10 −3 , or else the neutrino mass scale will be too small.
Predictions for neutrino oscillations when w ≪ 1
We turn now to the predictions of the model when w ≪ 1, which is realized is much of the parameter space. Since M ν in Eq. (18) has only four (complex) parameters, there are two predictions for neutrino masses and mixings. These are summarized below: Here we have used the standard parametrization of the PMNS matrix. Furthermore, the two Majorana phases α and β (the phases of masses m 1 and m 2 respectively) are given by
with α ≃ 0 being a consequence of m 1 ≃ 0. These predictions have been obtained in the context of textures before (see Ref. [13] ). Here we have derived them without resorting to textures.
To check the consistency of these predictions, we keep ∆m 
where the numbers correspond to the central value, and (1, 2, 3) σ deviation in sin 2 θ 12 . This should be compared with the limit sin 2 θ 13 ≤ (0.040, 0.056), at the (2, 3)σ level [14] . We see broad agreement, although sin 2 θ 13 should be very close to the current limit.
We can infer the values of (x, y, z) in Eq. (18) The absolute values of x, y, z are given in Fig. 3 . We see that |x| ≫ 1 and |y|, |z| ∼ 1. These values will directly affect the branching ratios of the leptoquarks, making a strong connection between collider physics and neutrino physics.
A special case with w ≫ 1
It is interesting to see the constraints on the model when w ≫ 1. This occurs for a small range of parameters when the leptoquark mass is less than about 500 GeV, and when |F 33 Y 33 | ≪ 10 −5 .
The latter condition can be satisfied when either |F 33 | or |Y 33 | is much smaller than 10 −5 . Both of these couplings cannot be simultaneously very small, or else the (2,3) entry of M ν will become unacceptably small. When F 33 → 0, we have the condition (M ν ) 13 ≃ 0, see Eq. (18) . Since (M ν ) 11 ≃ 0 in this case we reproduce a well known texture model [16, 17] . This limit of our model leads to the following predictions for sin 2 θ 13 and the phase parameters:
This gives 0.012 ≤ sin 2 θ 13 ≤ 0.017, which is within reach of the next generation long baseline neutrino oscillation experiments. This case requires the leptoquarks to be lighter than about 500 GeV, which are within reach of the LHC.
The case of w ∼ 1
For the case when w ∼ 1, there are no restrictions on the neutrino oscillation parameters, except the one arising from the vanishing of the (1,1) entry of M ν . This relation can be taken to be a prediction for m 1 , and an additional relation for the phase parameters. These are given by
In this scenario θ 13 can take any value between zero and its current experimental upper limit. For w ∼ 1, the leptoquark mass cannot exceed about 500 GeV, so this scenario is testable at the LHC.
Limit on the parameter µ
There are certain restrictions on the parameter µ that enters in the neutrino mass Lagrangian of Eq. (6). It is this term that is responsible for the mixing of ω −1/3 with χ −1/3 . Since the SU(2) L partner of ω −1/3 does not mix with any other field, the µ term will induce new contributions to the electroweak ρ parameter (or equivalently the T parameter). This is because mixing via the µ term splits the masses of the SU(2) L doublet members. This mass-splitting must obey [12]
where C = 3 for leptoquarks. In our model, apart from the µ term, there is a quartic scalar coupling, V ⊃ κ|(Ω † H)| 2 , which contributes to the ω −1/3 mass, and not to the ω 2/3 mass, causing a further splitting. The parameter (∆M) 2 in Eq. (29) is given by
where we have assumed that the two states are nearly degenerate. The two-loop induced neutrino mass is maximized when the mixing parameter sin 2θ = 1. For this choice, one has the relations M (30), which is at most of order (200 GeV) 2 , can be neglected in relation to the µv term. In this case we obtain from Eq. (29) an upper limit on µ: µ ≤ 0.65M 1 . We shall use this constraint in deriving an upper limit on the leptoquark mass.
There are other reasons why µ cannot be arbitrarily large: the positivity of leptoquark squared mass (needed for color conservation) and the perturbativity of the theory. The first of these conditions implies, from Eq. (10) , that
The second constraint emerges because µ induces negative quartic couplings for the three fields χ 1/3 , ω 1/3 and H 0 . These induced couplings cannot exceed the corresponding tree-level quartic couplings which can at most be of order one. Otherwise the theory would be non-perturbative, or electric charge and color would break in the minimum of the theory. We parameterize the effective quartic couplings of the three fields as
with H 0 = h/ √ 2. The 1-loop correction to these quartic couplings are shown in Fig. 4 . 4 By evaluating these diagrams we obtains for the effective couplings, where the factor 3 in λ eff is a color factor. Since these effective couplings are negative, they must be smaller in magnitude compared to the corresponding tree level ones, otherwise the potential would become unbounded, suggesting instability of the vacuum. By demanding all these induced couplings to be less than one, so that the theory is perturbative with a stable vacuum, one can derive limits of µ. Of course, if the limit derived from Eq. (31) turns out to be more stringent, that will supersede the present limits.
For illustration, we consider a few simplified cases.
• m h ≈ m ω ≪ m χ . For m h = m ω = 200 GeV and m χ = 1 TeV, the bound from Eq. (31) gives a more stringent limit, i.e. µ < 1.1 TeV. For m χ = 2 TeV and the other masses the same as above, the more stringent limit comes from the λ eff , viz., µ < 1.9 TeV.
• m h ≪ m ω = m χ : In this case
where m is the smallest of m ω and m χ . For example, if m ω = 1 TeV, m χ = 2 TeV, and m h = 200 GeV, µ < 5.7 TeV.
•
where ξ = max {1, ln 
Limit on leptoquark masses
The scaling of the neutrino mass with the LQ mass goes as m ν ∼ (m t m b m τ µv)/M 4 1 . Since our neutrino mass matrix has a normal hierarchy structure, the neutrino mass scale m 0 should be around 0.02 eV. We shall assume that all the Yukawa couplings are bounded by 1, a requirement for perturbative treatment of the problem. As we have seen, a fit to the neutrino oscillation data requires F 33 /F 23 ∼ m µ /m τ ∼ 1/16. The maximum value of m 0 is realized for sin 2θ = 1, corresponding to largest allowed LQ mass. From these considerations we arrive at a limit on the LQ mass of 12 TeV. If the leptoquarks are in the multi-TeV range, all three members should be nearly degenerate, from the requirement of sin 2θ ≈ 1 and the ρ parameter constraint. A slightly better limit can be derived on their masses from the rare process µ − e conversion in nuclei (see the next section for details). From the experimental limit on this process, one can derive the upper limit on |Y * 13 Y 23 | as a function of ω 2/3 mass. Since neutrino mass fitting requires Y i3 to be of the same order for i = 1 − 3, one can also determine an upper limit on Y 33 . Combining all of these, we obtain an upper limit of 10 TeV on M 1 . There are lower limits on leptoquark mass from the Tevatron where they could be pair produced. The DØ and CDF experiments [15] have obtained limits on the second and the third generation leptoquarks of 316 GeV and 245 GeV respectively [15] . Since those experiments look for b-jets and missing energy, these bounds are strictly applicable for leptoquarks coupled to neutrinos. In our case, ω −1/3 and χ −1/3 have direct couplings to the neutrinos (the latter from mixing) for which the quoted limits apply. As for ω 2/3 , being a member of the same SU(2) L doublet as ω −1/3 , it should be nearly degenerate with ω −1/3 , and thus the limits of Ref. [15] should apply to ω 2/3 as well.
Constraints from rare processes
Since this model features lepton flavor (as well as total lepton number) violation, it is important to see how its parameters are constrained by the experimental data, especially those arising from rare decay processes that are forbidden in the SM. Here we derive a variety of limits on the couplings Y ij and F ij as functions of the LQ masses. These limits should be (and have been) satisfied in the neutrino fits. The processes we shall consider are µ
+ ν e decay, and neutrinoless double beta decay.
The expected rates for several of these processes are found to be in the interesting range for the next generation of experiments. 
µ
The rare decay µ − → e − γ arises from a one-loop diagram. In the limit of m e = 0, there are only three diagrams for this decay shown in Fig. 5 . In general, the amplitude for this decay process can be written as [18] 
where m µ is the muon mass, q ≡ p µ − p e is the photon momentum, and ǫ µ is the photon polarization vector. The effective couplings f M 1 and f E1 are found to be (repeated indices implies summation)
where
χ ; m u j and m d j are the j-th generation of up-and down-type quark masses respectively; m ω and m χ are ω 2/3 and χ 1/3 masses respectively; and F 3 (x) and F 4 (x) are the dimensionless functions given by [19, 20] 
These expressions assume that the leptoquark mixing angle θ (see Eq. (9)) is zero. For non-zero θ, one can make the following replacement:
where ζ 1 = sin 2 θ, ζ 2 = cos 2 θ, and M a are defined in Eq. (10). It is an excellent approximation to set the first and second generation quark masses to zero. The branching ratio for this decay is found to be
where α = e 2 /4π is the fine structure constant. Constraints from other ℓ i → ℓ j γ processes are presented in Table 1 , where we have used the approximation m ℓ j = 0. An interesting feature of this analysis is that the Y ij couplings are only weakly constrained from these processes. This is owing to a GIM-like cancelation for the amplitude of this process from the two diagrams (Fig. 5) . In the limit of down-type quark mass being zero, the two graphs exactly cancel. This cancelation occurs because the charge of the internal leptoquark (2/3) is twice as large and opposite in sign compared to the charge of of the internal down quark (−1/3). The amplitude of the graph where the photon is emitted from the scalar line is twice smaller compared to the one where the photon is emitted from the fermion line, leading to the cancelation. The non-canceling contribution is suppressed by a factor m 2 b /m 2 ω in the amplitude, which weakens the limit.
− → e + e − e − These processes also occur at the one-loop level in our model (see Fig. 6 ). Here, there exist photon, Z-boson, and the SM Higgs-boson exchange diagrams, as well as box diagrams. The SM Higgs diagrams are suppressed by the electron mass, and thus highly suppressed and therefore ignored. Therefore, only the photon, Z-boson, and the box diagrams will be evaluated. In the case of photon exchange, because the photon is now off-shell, and with the electron mass set to zero, the amplitude is given by
where q ≡ p µ −p e1 . p µ and p ei are the incoming muon and outgoing electron momenta respectively. The couplings f E0 and f M 0 are found to be
where g 1,2 = 1 27
, and h 3 = F 2 (x t ). The dimensionless functions F 1 (x) and F 2 (x) are given by [20] 
For the Z boson exchange diagram, the leading contribution after ignoring terms suppressed by m 2 µ /M 2 , with M being leptoquarks mass, is
where g . Since we set the first and second generation quark masses to zero (which is a good approximation), the effective couplings, η L and η R , are given by
For the box diagrams, the amplitude can be written as
Here we have set all the quark masses to zero. We now proceed to the calculation of the total amplitude. In the loop integral functions, F 1 ...F 5 , since the Y ij couplings are not constrained by µ − → e − γ, one needs to include all the diagrams mediated by ω 2/3 boson, since the Y ij couplings may be of order one. However, since the Z-boson exchange contribution is suppressed by the the bottom quark mass, it can safely be ignored. On the other hand, the Z exchange is significant for χ 1/3 mediated process with the top quark inside the loop. The electron mass has to be included in the calculation in order to avoid infrared singularity. The branching ratio is found to be
where we have introduced Hermitian parameters C L,R jk , given by
, for j, k = 1, 2;
1 288
, for, j = 1, 2 and k = 3;
, for j = k = 3;
(49) , for j, k = 1, 2;
, for j = 1, 2 and k = 3;
, for j = k = 3.
For heavy quarks inside the loop, the factors C L,R 33 are in the agreement with [20] . Regarding the neutrino oscillation data, one needs the limit on the coupling constants that appear in Eq. (19) . From the branching ratio above, in the assumption that there is no accidental cancelation among the various contributions, so that one can omit terms like Y 
µ − e Conversion in the nuclei
Another lepton flavor violating process that may occur in this model is µ − e conversion in nuclei  (µN → eN) . The interesting type is the so-called coherent conversion in which the nucleus does not change its initial state [21] . In this section we shall discuss the implications of our model in such processes. It turns out that there exist tree level diagrams in addition to the one-loop diagrams (Fig. 7) . These two sets of diagrams probe different Yukawa couplings. The loop diagrams involve the same couplings that appear in the neutrino mass matrix, and has to be given special attention. These loop diagrams are similar to µ − → e + e − e − except the pair of up/down quark is attached to the photon and Z lines. Following [18] , the branching ratio of this process is given by
where | p e | and E e are the momentum and energy of the outgoing electron respectively, Z is the atomic number of the nucleus, A is the mass number of the nucleus, Z eff is the effective atomic number defined in [22] , F p is the nuclear matrix element defined in [18, 21, 22] , Γ N is the muon capture rate of nucleus N, and g 17.61 0.53
33.81 0.15 Table 2 : The summary of µ − e conversion for Ti and Pb. The values of Z eff and F P are taken from [21] whereas Γ N are from [23] .
Here Q u and Q d are the charges of the up-and down-quarks. As before, we can neglect terms proportional to η L and F 3 (x d j ). The summary of constraints from this process is given in Table  2 , with [24] . There is also discussion of testing µ − e conversion at a future Fermilab experiment. The prospects for these experiments observing new physics are good within our model. This is true even if the MEG experiment [25] obtains negative results for the µ → eγ decay.
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We can use the bound from µ−e conversion and neutrino mass fitting to predict the minimum branching ratio for µ → 3e. Such a correlation is not possible for µ → eγ because of the GIM-like cancelation that occurs there, and the fact that F 1j is not constrained by neutrino data. Note that, Y i3 (assuming that only the bottom quark mediates the process) cannot be smaller than 10 −4 for LQ mass of 300 GeV, or else the induced neutrino mass will be too small. Therefore, the smallest branching ratio for µ → 3e can be predicted which is presented in Fig. 8 . We see that µ → 3e can be substantial for a significant part of the parameter space. 
τ
It turns out that some of the potentially large entries in the neutrino mass matrix are eliminated from the constraints from the decays τ − → e − η and τ − → µ − η. These processes can be mediated by ω 2/3 leptoquark at tree level. Here we ignore η − η ′ mixing and work in the SU(3) flavor symmetric limit. The branching ratios for these processes are given by
We use f η = 160 MeV and data from [12] to derive
Muon anomalous magnetic moment
The muon anomalous magnetic moment receives correction from the leptoquark exchange in our model and is given by
Again, for the same reason as in the case of µ → eγ, Y ij couplings are practically have no effects here. By comparing the new contributions with the 3σ anomaly in the experimental value, δ(g − 2)
exp µ = (24.6 ± 8.0) × 10 −10 [27, 28] , we see that this model can reduce or eliminate the discrepancy for order one values of the couplings F 21 and F 22 .
Upsilon Decay
Lepton number violating Υ decay can set limit on the couplings Y . The decays we consider are Υ → µ + µ − and Υ → µ + τ − . The former is generated by the s-channel photon exchange and the latter is generated by the t-channel ω 2/3 exchange. In our model the ratio of these two branching ratios is given by
where m Υ is the Υ mass. The upper limit of this ratio is 2.5 × 10 −4 [29] . Therefore, we get less
(59)
Another interesting feature of the leptoquarks is that they can mediate a lepton number violating
Currently there is a discrepancy about 2σ level between the experimental value and theoretical predictions based on lattice evaluation of the decay constant f Ds . The LQ exchange can resolve the discrepancy. This issue has been studied in the framework of MSSM with broken R-parity [27, 30] and in extensions of the standard model with leptoquarks [31] . It turns out that in this model this process occurs at tree level mediated by X −1/3 a leptoquarks in addition to the SM process. Since the SM diagram leads to antineutrino final states, while the X a mediating processes result in neutrinos, there is no interference between the two. 6 We get
where m Ds and τ Ds are the D s mass and lifetime respectively while V cs is the (2, 2) element of CKM matrix. Comparing results from lattice calculation, f latt Ds = (241 ± 3) MeV [33] , and the experimental result, f exp Ds = (257.5 ± 6.1) MeV [34] , we see that at present there is a 2σ discrepancy. If this discrepancy prevails, there is a natural explanation in the present context. 
There is a similar contribution to the decay π − → µ − ν e . From this process we find
By using experimental limits [12] , one can derive
3.8 New CP violation in B s − B s mixing
The leptoquarks of the model mediate meson-antimseon mixing via one-loop box diagrams shown in Fig. 9 . There is special interest in this process for the B s system, as there are experimental hints for non-zero CP violation in this system. We find that the present model can nicely explain the new CP violation that would be needed in B s − B s mixing, without generating unacceptable mixing in the B 
The B s − B s transition amplitude is given by
where m Bs and f Bs are the B s meson mass and decay constant respectively, while B [35] . Recently the DØ collaboration has reported an excess in the like-sign dimuon asymmetry [36] 
where where a
In the SM, a which is 3.2σ away from the current measurement (see Eq. (66)). A likely explanation is that there is a new source of CP violation in B s − B s mixing, which can arise from leptoquarks, as given in Eq. (65).
The leptoquark contribution will modify the mass difference ∆M s in the B s system [39] :
In our model, the new contribution h s is given by
The index i = 1 − 3 is to be summed in Eq. (70), but in practice not all three lepton flavors can simultaneously be significant, owing to lepton flavor violating constraints. Therefore we focus on the i = 3 contributions. A global fit to the CKM mixing parameters, including the new DØ data on dimuons, finds [39] [39]. We need to point out that the leptoquark model could affect the absorptive part of the mixing amplitude [41] :
where Γ new 12s is given by [41] 
where F (ℓ i ) is a kinematic function, as a function of m
The numerical values of this function are F (ℓ i ) ≃ 1 for ℓ i = e, µ and F (τ ) ≃ 0.65. By using the same parameter values as for ∆M s , we see that the new contribution can modify the SM value of the width difference by at most 2%. There is currently a 2σ discrepancy in ∆Γ s , which should be explained as a statistical fluctuation within our model. Similar expressions hold for the mixing of other meson systems:
The η 1 factors are found by following the procedures given in Ref. [35] to be η 
These constraints are all consistent with acceptable generation of neutrino masses and mixings within the model.
Neutrinoless double beta decay
The light neutrino exchange contribution to neutrinoless double beta decay vanishes in our model, owing to the zero of the (1,1) entry in M ν . However, it can proceed via the vector-scalar exchange process, which does not need a helicity flip of the neutrino [42] . The relevant diagram is shown in Fig. (10) . The effective Lagrangian of that process after Fierz rearrangement is where q is the internal neutrino momentum. The first term is the scalar-pseudoscalar current and the second one is the tensor current, and the parameter ǫ is defined as
where θ is the leptoquarks mixing angle. Following Päs et al. [43] , the constraint on |Y * 11 F 11 | is calculated by constructing nuclear matrix element in pn-QRPA model [44] and applying the result of 0νββ half life, T 1/2 (0νββ) > 1.2×10
25 yr, obtained from Heidelberg-Moscow experiment [45] . A straightforward calculation gives
Here, both the scalar-pseudoscalar and tensor currents are taken into account. One sees that it is possible to observe neutrinoless double beta decay in the near future, even with hierarchical neutrino masses.
Collider signals
At hadron colliders, leptoquarks can be produced in pairs via quark-quark or gluon-gluon fusion and/or in association with lepton via quark-gluon fusion. The former depends on the QCD coupling constant and the latter depends on the |F i1 | 2 and |Y i1 | 2 . The associated production may be important if the F and Y are as large as electromagnetic coupling e [46] . Since these couplings are constrained by rare processes such as neutrinoless double beta decay, it seems unlikely that single production will be dominant in our model. Therefore, here we focus on pair production of leptoquarks.
In ω 2/3 pair production, each will decay to a charged lepton and a down quark with opposite charges. The resulting final state is two leptons and two jets. At the LHC with √ s = 14 TeV and mass of leptoquark equals to 500 GeV, the cross section is about 340 fb [46] , decreasing to 4.2 fb for a LQ mass of 1 TeV. The dominant background for this process is final states from Z + jets and tt production. For high leptoquark mass, only Z + jets is dominant. LHC can probe this leptoquark mass up to 1.2 TeV with integrated luminosity of 300 fb −1 .
In X −1/3 a pair production, there are two possible signals. First, each X −1/3 a decays to up-quark and a lepton, leading to two lepton and two jets signal. Secondly, one X −1/3 a decays to charged lepton and up quark and the other one decays to neutrino and a down-type quark, leading to one lepton plus jets plus missing energy. The first signature is similar to the ω 2/3 case. The second one has dominant background coming from W + jets and tt production. In Ref. [46] , it has been shown that LHC can probe this leptoquark mass up to 1.2 TeV with integrated luminosity of 300 fb −1 .
The decays of the ω 2/3 leptoquark into e + b, µ + b, τ + b will occur in the following ratios:
Measurement of any one of these branching ratios will determine the CP violating phase δ via Eq. (25) . This can of course be cross checked in long baseline neutrino oscillation experiments, especially since sin 2 θ 13 is large. If two branching ratios in the decay of ω 2/3 are measured, that will determine the phase δ in two different ways, allowing for another consistency check. The leptoquarks X −1/3 a , (a = 1, 2) which are linear combinations of χ −1/3 and ω −1/3 will decay into charged leptons in the following ratios:
Note that this result holds for both X −1/3 a , independent of the (ω −1/3 − χ −1/3 ) mixing angle θ.
Measuring this branching ratio will determine |x|, providing another check for the model. Since numerically |x| ≫ 1, we expect that at least one of the the X −1/3 a will have µ − in the final state dominantly. It should be noted that the decay X −1/3 a → e − t will be suppressed, owing to constraints from µ → eγ. Of course, these X −1/3 a fields also decay into ν i d j . The lepton flavor composition in this mode would be near to impossible to determine.
Conclusion
In this paper we have presented a new two-loop neutrino mass generation model. This involves TeV scale leptoquarks, which can be directly tested at the LHC. The structure of the model is such that the neutrino mixing angle sin 2 θ 13 is predicted to be close to the current experimental limit of 0.05. The neutrino oscillation parameters are closely linked to the decay properties of the leptoquarks. By measuring the branching ratios of the LQ bosons, in this model, one is measuring CP violating phase δ of neutrino oscillations. These measurements also provide a number of cross checks by which the model can be falsified. We have discussed various rare decay processes mediated by the LQ bosons. The process µ − → e − γ may very well be suppressed, owing to a GIM-like mechanism, while the decay µ − → e + e − e − and µ − e conversion in nuclei are within reach of the next generation experiments.
A very interesting feature of the model is that the present hint of new physics contributions to CP violation in B s − B s mixing fits rather well here, without conflicting other well-measured meson mixings. Neutrinoless double beta decay can occur via LQ exchange, even when the neutrino spectrum has a normal hierarchy. Near future experiments will have a lot to say on the consistency of the model.
